a b s t r a c t 0.29Pb(In 1/2 Nb 1/2 )O 3 -0.45Pb(Mg 1/3 Nb 2/3 )O 3 -0.26PbTiO 3 single crystals have been studied using tripleaxis based elastic and inelastic neutron scattering. Elastic diffuse scattering reveals the presence of polar nano-regions (PNR's) in this system, which emerge at the Burns temperature (T B~6 30 K) and then grow continuously in population and correlation size down to 100 K. At 300 K, characteristic "butterfly" and ellipsoid shaped diffuse scattering patterns are observed in the HK0 scattering plane. Electrical poling along the [110] direction produces a marked asymmetry in the diffuse scattering patterns, with the parallel-to-the-field components enhanced while the perpendicular-to-the-field components suppressed. Several low-energy phonon branches along the 
Introduction
Lead-based complex perovskite (general chemical formula: Pb (B   1   B 2 )O 3 ) relaxor ferroelectrics have been studied for over fifty years. Especially, the related studies surged during last two decades after the findings of highly exploitable, giant piezoelectricity in relaxor single crystals of Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 (PMN-PT) and Pb(Zn 1/3 Nb 2/3 )O 3 -PbTiO 3 (PZN-PT) [1, 2] . Many of these studies were targeted to understanding the microscopic origin of the piezoelectric properties of relaxor materials as well as their dielectric relaxation behavior, using a variety of structural and spectroscopic techniques with different length and temporal scales probing capabilities. Among them, neutron scattering has revealed highly critical insights due to its broad coverage of the momentum (Q)-energy (E) phase space [3, 4] . In terms of the average structures, relaxors in general are ordinary. For example, pure PMN has a pseudo-cubic (C) average structure that undergoes no structure transitions (thus no macroscopic polarization occurs) within the broad studied temperature range unless a sufficiently high electrical field is applied; PZN shows somewhat more complex behavior and sometimes appears as a rhombohedral (R) ferroelectric phase at room temperature. Introducing tetragonal (T) normal ferroelectric PT into PMN (or PZN, etc.) leads to a gradual transition from the pseudo-C/R structure to the T structure accompanied by a loss of macroscopic relaxor properties, and a so-called morphotropic phase boundary (MPB) exists in between the R/T phases. On the other hand, it is well recognized that the local structures, primarily those of a polar correlation nature, play a fundamental role in generating the relaxor properties. The local polar correlations in relaxors are traditionally termed as polar nanoregions (PNR's) and believed to emerge below the Burns temperature T B , first revealed by the observation of a departure from the linear temperature dependence of optical refractive index in PMN [5] . Neutron diffuse scattering has been intensively utilized to probe the local structures of relaxors and a wealth of experimental observations accumulate to date for a number of material systems. These observations include the reciprocal space distribution patterns of the diffuse scattering and its dependence on variables of composition, temperature, applied electric field and so on [6e10] . There are also some measurements addressing the wide range dynamics of the PNR-related diffuse scattering thus directly linking these local degrees of freedom with the macroscopic dielectric behavior [11] . Nevertheless, despite these solid experimental evidence in support of the existence of PNR's, the exact microscopic picture of PNR remains inconclusive among several existing interpretations [12] .
Lattice dynamics studies provide another approach to understanding relaxors. The early phonon measurements were emphasized to search for the zone-center soft mode of relaxors [13e15], similar to that established in the canonical displacive system of PT [16, 17] . It was found that the near zone-center transverse optical (TO) modes of PZN-0.08PT and PMN soften when approaching T B from high temperature and become overdamped below T B . These studies also uncovered a so-called "waterfall" phenomenon that constant energy scans of the low-lying TO modes suggest an abrupt dispersion curve starting at certain wave vectors q wf . Initially, the waterfall phenomena was postulated to be indicative of a coupling between the PNR and TO modes in the relaxors [15] , but later similar results observed on non-relaxor systems, e.g. PMN-0.6PT, unjustified such a postulation making this phenomena still a controversial issue now [18] . The transverse acoustic (TA) modes, on the other hand, have been convincingly shown to couple with the PNR's for PMN and PZN-0.045PT single crystals [19e21] . The TA-PNR coupling strongly influences the elastic properties of relaxor crystals and is very likely to be the crucial mechanism for the giant piezoelectricity of relaxor-PT single crystals.
In this work, we extended the neutron scattering studies to a ternary relaxor, Pb(In 1/2 Nb 1/2 )O 3 -Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 (PIN-PMN-PT), with a composition near the MPB of the system [22] . Compared to PMN-PT, this system shows improved electrical properties, such as higher Curie temperature T C and coercive fields, making them more favorable for applications [2] . PIN itself exhibits a complex phase constitution (relaxor, ferroelectric or antiferroelectric) depending on the B-site ordering extent. The lattice dynamics of PIN in relation to the B-site ion randomness has been studied by Ohwada et al. using inelastic neutron and X-ray scattering [23, 24] . Mixing PIN into PMN-PT results in a further chargefrustrated state in which the B-site valence varies from þ2 to þ5. Thus, it is of some considerable interest to carry out a phonon study on PIN-PMN-PT to examine the lattice dynamic behavior previously observed in other relaxors and look for the features potentially specific to this system. On the other hand, the effects of electrical fields applied along the [110] direction (in pseudo-C settings) on the local structure and phonon behavior of relaxors have been rarely addressed thus far. We have thereby carried out the study for the [110]-oriented single crystal. Note that for the ferroelectric R phase, a non-single macroscopic domain state with two R twin variants can be produced by the [110] electric field. To avoid this problem, the measurements have been confined within the HK0 scattering plane so that the in-plane momentum transfer effectively results from one single domain.
Experimental details
0.29PIN-0.45PMN-0.26PT single crystals were grown using the vertical Bridgman method, and the nominal composition was verified using energy-dispersive X-ray spectroscopy. A disc-shaped sample (thickness/radius:~3/20 mm; mass:~28 g) was cut from the boule with its vertical axis oriented along the [110] crystal direction. Pt electrodes were sputtered onto the two opposing surfaces for poling the crystal under an electric field of 8 kV/cm at room temperature. Dielectric properties of the crystal over a temperature range of 100e800 K were measured on a smaller sample cut nearby using an Agilent impedance analyzer under 0.1e1000 kHz ac excitation frequencies.
Neutron scattering experiments were carried out using the TAIPAN thermal triple-axis spectrometer located at the OPAL reactor, Australian Nuclear Science and Technology Organisation (ANSTO) [25] . The spectrometer was operated in a fixed final energy mode, E f ¼ 14.87 meV. A set of double-focusing monochromator and analyzer based on the (002) Bragg reflection of highly-oriented pyrolytic graphite (HOPG) crystals were used. An HOPG filter was placed before the analyzer to remove high-order contamination energies. The horizontal beam collimation conditions were set as: open-open-sample-40 0 -open; i.e., only one collimator was used before the analyzer. The energy resolution obtained from these configurations was about 1.1 meV, as seen from the full widths at half maximum (FWHM) of the Gaussian peaks at the elastic lines. The crystal was wrapped with Al foils, mounted on an Al sample holder and loaded into a vacuum closedcycle cryofurnace. Below the T C , the crystal was measured in both poled and unpoled (depoled) states by following an appropriate heating/cooling sequence. The crystal was aligned with the [001] axis (lying in the disc plane) vertical thus giving access to the HK0 scattering plane. At 300 K the pseudo-cubic lattice parameter of the crystal is a ¼ 4.04 Å and thus a reciprocal lattice unit (rlu) of 2p/a ¼ 1.56 Å À1 was set. Both constant energy (constant-E) scans and constant momentum (constant-Q) scans were made to measure the elastic diffuse scattering (i.e., E ¼ 0) and phonon dispersion curves. The measured constant-Q phonon spectra were fitted based on the uncoupled damped harmonic oscillator (DHO) model convolved with the instrument resolution functions.
Results and discussion

Low frequency dielectric behavior
Low frequency dielectric measurement is used to investigate the average structural transitions as well as the macroscopic relaxor properties of the studied crystal. Fig. 1(a) shows the measured temperature dependent dielectric spectra for the unpoled crystal, and a portion of the spectra for the poled crystal (Inset) to highlight the main difference between them. Within the measured 100e800 K range, the unpoled crystal only shows a broad dielectric permittivity maximum peak at a temperature T max ¼ 426.7 K (at 1 kHz). After poling, an obvious shoulder appears on the spectra around 392 K, together with a weak but clearly discernable anomaly occurring at~418 K prior to the basically unshifted T max . These poling induced dielectric anomalies are consistent with the results obtained from the PMN-PT system as well as [001]-and [111]-oriented PIN-PMN-PT single crystals as we recently reported [26] . On the basis of the general phase diagram of relaxor-PT systems, the anomalies at 392 K and 418 K are attributed to the R-T and T-C structure transitions, respectively. The monoclinic structures might be involved as intermediate phases [27] , nonetheless not considered in this scattering study because the experimental q resolution is not sufficiently fine to allow identification of them.
The T max for both unpoled and poled crystals are dependent on the measuring frequency. Such frequency dependence is the hallmark behavior of relaxors and is usually described with respect to the Vogel-Fulcher formula [28] . Fig. 1 (b) Inset shows the VogelFulcher fit to the measured T max values for the unpoled crystal. The obtained model parameters are: the attempt frequency f 06 30 GHz, the activation energy E A ¼ 304 K (~26 meV) and the freezing temperature T f ¼ 412 K, somewhat close to the T C (¼ 418 K). Fig. 1(b) shows the inverse dielectric permittivity, 1/ε 0 r , measured at 500 kHz against temperature for the unpoled crystal. At this frequency, the extrinsic dielectric contribution of a finite conductivity effect at high temperatures is minimized and the intrinsic contribution from the PNRs can be reliably delineated. The ε 0 r follows the Curie-Weiss law, which determines the dielectric behavior of a displacive ferroelectric system, at a sufficiently high temperature part, as illustrated by the linear fit in Fig. 1(b) . On the other hand, the high temperature side near the valley of the 1/ε 0 r curve can be fitted to an empirical quadratic law for describing the relaxor dielectric behavior [29] :
where ε A , T A and d are the fitting parameters that define the peak but have no clear direct physical meaning. Both the Curie-Weiss and the quadratic model fits show divergence at a narrow crossover region centered at~630 K. This transition in the temperature dependence of ε 0 r signifies the emergence of PNR's (i.e., T B ¼ 630 K), similar to the optical measurements [5] . The T B of the studied crystal is nearly identical to that of pure PMN obtained with the same method, and close to that (~620 K) of 0.26PIN-0.46PMN-0.28PT assessed from Brillouin spectroscopy [30] .
Diffuse scattering in relation to the electrical poling and temperature
Fig . 2 shows the elastic diffuse scattering patterns measured near at the (100) and (110) Bragg peaks. At 300 K, the (100) and (110) patterns for the unpoled state show characteristic butterfly and ellipsoid/rod shapes, respectively, with the diffuse scattering component extending along the <110> reciprocal space directions (Fig. 2(b) and (e) ). The anisotropy of the (100) pattern is somewhat weak; that is, the gaps between the <110> wings are small, compared to those observed in PMN or PZN [7] . This is due to the relatively large PT content of the studied composition and consistent with the tendency found in the PMN-xPT system by Matsuura et al. [9] After poling along the [110] direction, the (100) patterns become markedly asymmetric ( Fig. 2 (a) ), with one wing that is perpendicular to the poling direction greatly suppressed while the other wing parallel to the poling direction slightly enhanced. Likewise for the (110) pattern, the long axis of the ellipsoid shape appears to be truncated by the poling and a longitudinal scattering component becomes more prominent in the resultant pattern. Overall, the observed poling behavior of the diffuse scattering is similar to that of PZN-xPT under application of the [111] electric field as reported by Xu et al. [8] It may also be interpreted according to the 'pancake' model of PNR's proposed by the same authors: The local polarization inside of PNR's is along the <110> directions; the [110] field poling produces 2R ([111] and ) macroscopic domains in which the PNR's with local polarization directions orthogonal to the long-range ferroelectric order, e.g., [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , are favored; on the contrary, the population of the PNR's polarized along [110] is reduced thereby leading to the suppress of the diffuse rod along the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] direction in reciprocal space. Nevertheless, this interpretation should not be unique since as long as the local correlation along [110] is suppressed by the electric field the same diffuse scattering effect may occur irrespective of the specific microscopic picture of the PNR's [31] .
At 750 K, the diffuse scattering intensities are much lower than at 300 K, and more significantly, the dominant diffuse component is longitudinal now thus forming distinct distribution patterns from those at 300 K (Fig. 2 (c) and (f) ). As this temperature is well above T B , the PNR's population is expected to be extremely low and thus the observed diffuse scattering should point to another origin other than the PNR's. Hiraka et al. first reported this above-T B diffuse scattering in PMN and interpreted it as an effect of the B-site short range chemical order [32] . Burkovsky et al. recently attributed it to Huang scattering through quantitative theoretical modelling coupled with their measurements on PMN [33] . Huang scattering originates from elastic lattice deformations exerted by defects, e.g. lattice site substitutions, and appears to be a more reasonable description in our case since the B-site ordering in PIN-PMN-PT is presumably much weaker than PMN as a result of the mixture of four heterovalent cations. Another obvious feature on the (100) and (110) diffuse patterns at 750 K is a strong asymmetry in intensity with respect to Q. For example, the high Q side of the (100) pattern has higher intensities than the low Q side. This asymmetry indicates a strong size-effect arising from the multiple B-site atoms which have different sizes and scattering cross sections [34] . A similar size-effect has been observed and modelled by Welberry et al., however, only for the low temperature PNR-related diffuse scattering in PZN [7] . Fig. 3 shows the temperature dependence of the integrated diffuse intensities of the line scans taken around the (200) Bragg peak. These two scanned lines are symmetric about the (200) peak, but as a result of the above-mentioned size effect (see also the (200) diffuse scattering profile at 750 K in Fig. 3 Inset), their intensities show large difference. At the high-Q side, the intensity of the H ¼ 2.2 r.l.u. lines starts to increase below 600 K reflecting the growth in population of the PNR's, in good agreement with T B 630 K established from the dielectric data. Such a tendency of intensity is also true for the H ¼ 1.8 r.l.u. lines but their growth rate is obviously much lower. At low temperatures e.g. 200 K, the intensities of the H ¼ 2.2 r.l.u. lines surpass those of the H ¼ 1.8 r.l.u. lines. These results agree with the previous reports that the PNRrelated diffuse scattering cross section in the (200) zone is nonzero but rather weak [10] , being comparable to that of the above-T B Huang scattering. On the other hand, the relative intensity changes shown here may also suggest that the size-effect in the present system modulates the cross sections of these two coexisting types of diffuse scattering in opposite ways.
Further line scans along the ridge of the (110) diffuse rod were made to estimate the dipole correlation length z (which effectively represents the PNR size) of the system. Note that the data below 500 K was collected on the unpoled state. Fig. 4 shows the scanned (1 þ q,1-q,0) profiles at selected temperatures along with their fits.
The fitting model includes a Gaussian peak associated with the (110) Bragg peak and a Lorentzian function accounting for the PNRrelated diffuse scattering. The q resolution function of the spectrometer is not considered in this model. At 700 K the Lorentzian component is rather broad like a background, and it becomes narrower and more discernible as the temperature decreases below T B , followed by gradually merging with the Gaussian component. The correlation length is calculated from the inverse of the half width at half maximum of the fitted Lorentzian peaks. As shown in Fig. 4 Inset, the PNR's start to continuously grow in size at 600 K, apparently with no anomalies occurring at the intermediate temperature scales, e.g., T max or T R-C , and the PNR size reaches~90 Å at 300 K. By comparison, the PNR size of the PMN-xPT system at 300 K was reported in Ref. [9] : z ¼ 12.6 Å, 33.7 Å and 350 Å, respectively, when x ¼ 0, 0.1 and 0.2. Therefore, for the same PT content, the PNR's in PIN-PMN-PT appears to be much finer than in PMN-xPT.
Lattice dynamics measurements
Fig . 5 shows the main several branches of low-energy phonon . Overall, the LA phonons show well-defined, underdamped phonon peaks in the measured constant-Q spectra. Their phonon energies have little temperature dependence and no clear anomalies related to the characteristic temperature scales are found on them. In the following text, we focus our discussion on the transverse acoustic and optical phonon behavior of the system. Below T C ¼ 418 K, the TA [100] and TA 2 [110] phonons were measured in both poled and unpoled states along the directions either perpendicular or parallel to the poling direction P with an aim to examine the electric field-induced lattice dynamical anisotropy. Due to the consideration of focusing conditions, these measurements were made in different symmetric Brillouin zones, e.g., Apart from these changes in phonon energy, the electric poling also modifies the linewidths of the TA 2 [110] phonons and a general trend can be found that the phonons with q//[110] have broader linewidths, namely, more strongly damped. Obviously, such an acoustic phonon anisotropy cannot be due to the macroscopic polarization effect because the TO phonons measured at the corresponding wave vectors are almost the same in both energy and linewidths (see Fig. 5(c) ), though there are indeed small but discernable energy differences at the near-G-point wave vectors (e.g., x ¼ 0.1), which may point to a finite rhombohedral distortion of the crystal. Similar phenomena were reported by Xu et al. on PZN-0.045PT single crystals under the [111] electric field cooling conditions, and a strong correlation between the phonon damping behavior and the diffuse scattering cross sections leaded them to introduce the PNR-TA coupling mechanism [20] . Such a coupling mechanism is well justified in our case; the TA 2 [110] phonons with q// [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] show higher energies while along that direction the diffuse intensity is greatly reduced by the poling. Fig. 6 shows the constant-Q scan spectra obtained at Q ¼ (2.1, 1.9, 0)/(1,9, À2.1, 0) (x ¼ 0.1) and Q ¼ (2.4, 1.6, 0)/(1,6, À2.4, 0) (x ¼ 0.4) along with their DHO model fits at selected temperatures. These spectra intuitively show the difference between the two TA 2 [110] phonon branches. All these TA phonons do not change noticeably when the poled crystal is cooled from 300 K to 100 K, This suggests that the degree of the PNR-TA coupling degree is weakly affected by the cooling below 300 K, despite the fact that the PNR's have been found to continuously increase in size and population during the course. It has been argued by Stock et al. that the TA-PNR coupling is dependent on their relative length scales and becomes weakened in the long-wavelength limit [21] . In the studied PIN-PMN-PT system, the PNR size at 300 K is~90 Å, already exceeding that of x ¼ 0.1 (q ¼ 0.14 r.l.u.; real space wavelength~30 Å). Therefore a further increase of the PNR size might only affect those near G-point TA phonons, which nevertheless are not measurable in the present experiment. At 410 K, a temperature intermediate between T R-T and T C , the difference between the two TA 2 [110] phonon branches vanishes (see Fig. 6 ) and so does the asymmetry of the diffuse scattering pattern (data not shown). It seems that the PNR distribution has changed drastically across this R-T average structure transition though the poled crystal is expected to remain a partially polarized state for the T phase.
In Fig. 7 the energy (U) and linewidth (G) of the TA 2 [110] phonon at x ¼ 0.1 is plotted against the measuring temperature.
Here the contrast between the poled and unpoled crystals has been shown in the previous data and therein discussed. Over the entire temperature range, the energy of this phonon decreases with increasing temperature, which may be largely attributed to the lattice anharmonicity. Note, however, that there is a noticeable anomaly for this TA 2 [110] phonon around T B where its energy jumps by~7% and below T B its linewidth varies more rapidly than above T B . In contrast to the slow varying tendency due to the anharmonic effect, this anomaly is very likely to be associated with the appearance of the PNR's. As the linear slopes of the near-G portions of acoustic dispersion curves are scaled to the macroscopic elastic constants, the energy positions of the TA 2 [110] phonon at x ¼ 0.1 reflect the evolution of the difference of (C 11 -C 12 ) and the jump at T B corresponds to a 15% change of the elastic constant (the attendant lattice parameter/density changes can be neglected). Note that this observed stiffening effect (as the temperature falls through T B ) is quite opposite to the trends seen in both the Brillonin scattering (probing in the GHz range) and ultrasonic measurements (in the sub-MHz) of PIN-PMN-PT and other relaxors [30, 35] . We believe that this discrepancy lies in the difference in the probing frequencies and length scales of these techniques and further suggests the complexity of the PNR-acoustic coupling effect as a result of the temperature-dependent relative dynamic ranges and length scales between the PNR's and the average crystal lattice. The TA/LA [100] acoustic branches were also examined for their potential coupling effect with the PNR's. Fig. 8 shows the constant- [21] . In our case, the line shape changes of the TA [100] phonon can be again explained according to the PNR size of the system: the PNR size is~35 Å at 500 K, close to the real space wavelength of the phonon at x ¼ 0.1, and therefore the damping of the TA [100] phonon is much weakened at this temperature. For the LA phonons, their constant-Q spectra show complex line shapes at x ¼ 0.1 but at x ¼ 0.2 the phonon peaks are well-defined. It appears highly possible that the TA phonon scattering component leaks into the measured LA spectra near the G-point [36] . In this regard, the LA [100] phonon at x ¼ 0.1 shows consistent variations in line shape with the TA phonons as a function of temperature, but it is rather difficult to ascertain a PNR-LA coupling effect based on our data.
The TO phonons of the studied PIN-PMN-PT single crystals show the waterfall features [14, 15] . As shown in Fig. 5 (b) and (c), both the TO [100] and TO [110] branches have a strongly damped dispersion near at the zone center; that is, the phonon widths fitted from the constant-Q spectra are very large for the low-q portions and by contrast the constant-E scans at several energies (E ¼ 5e10 meV) are centered at a similar wave vector, q wf~0 .15 rlu, for the both branches. Note that the waterfall phenomenon becomes more manifest at high temperatures close to T B where the near zonecenter TO phonons are overdamped. Fig. 9(a) shows the line shape evolution of the lowest G-point TO phonon at selected temperatures together with the DHO fits to these phonons. These results clearly demonstrate that as the temperature falls below T B the TO phonons gradually recover an underdamped line shape with the energies shifting to a higher position. This observed behavior is suggestive of soft mode characteristics of the system. In canonical displacive systems, e.g., PT, the development of ferroelectric orders is linked with the softening and condensing (namely, reaching zero energy) of a TO phonon mode that designates the ferroelectric distortions, and the soft TO mode recovers after the phase transition [16] . In Fig. 9(b) , the square of the G-point soft TO mode (U 2 ) is plotted against temperature. The U [2] increases linearly with decreasing temperature below 600 K, in agreement with the soft mode picture. Above T B , the energy of this soft TO mode does not change noticeably up to 750 K, and no measurements were attempted at higher temperatures to observe the overall softening trend of this TO mode. Nevertheless, the current data does show an incomplete softening of the G-point TO mode, similar to that observed on PMN-xPT (x ¼ 0, 0.32 and 0.64) [37] . The formation mechanism of PNR's in relaxors remains a highly debatable issue to date, but clearly, the picture that the soft TO phonons directly condense into PNR's is not fully justified by the above observations [38] . It appears that an order-disorder type mechanism may be incorporated into the soft mode picture in order to give a more accurate description of the PNR dynamics of relaxors, as corroborated by a recent molecular dynamics study showing characteristic evolutions in the Pb-displacement correlation as a function of temperature [39] .
Conclusion
We have studied the local structure and lattice dynamics of [110]-oriented 0.26PIN-0.46PMN-0.28PT single crystals in relation to the poling states and variable temperatures using elastic diffuse and inelastic neutron scattering. As reflected in the diffuse scattering measurements, the PNR's in this system start to grow continuously in size and population from T B~6 30 K, in agreement with the macroscopic dielectric behavior. At 300 K, the diffuse scattering around the (100) and (110) Bragg peaks show characteristic "butterfly" and ellipsoid shaped distribution patterns, respectively, on the HK0 reciprocal space plane. Below the T C , the distribution of the PNR-related diffuse scattering can be modified by the electrical poling indicating the response of the PNR's to an external electric field. This electric field effect also manifests a lattice dynamical anisotropy, mediated by the PNR-TA coupling mechanism, in the TA 2 [110] phonon branches which show significant difference in the phonon energy and line width along the perpendicular/parallel-to-the-field directions. The PNR-TA coupling has also been observed on another TA phonon branch, TA [100], though only at small wave vectors. Furthermore, the temperature evolution of the PNR-TA coupling has been correlated with the length scale of the underlying PNR's. The "waterfall" phenomenon is observed on the [100] and [110] TO phonon branches, starting from a wave vector of~0.15 rlu to the zone center. We have also observed a lowest-energy, soft TO phonon mode at the zone center, which hardens as the crystal cools below T B . This observation suggests soft mode characteristics of the present relaxor system.
